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ABSTRACT 

A multiwavelength scanning radiometer has been used to measure the angular distribution of scattered radiation 
deep within a cloud layer at discrete wavelengths between 0.5 and 2.3 pm. The relative angular distribution of 
the intensity field at each wavelength is used to determine the similarity parameter, and hence single scattering 
albedo, of the cloud at that wavelength using the diffusion domain method. In addition to the spectral similarity 
parameter, the analysis provides a good estimate of the optical thickness of the cloud beneath the :raft. Results 
of such analysis are presented for a 50 km section of clean marine stratocumulus clouds off the coast of California 
on 10 July 1987. These observations were obtained from the University of Washington Convair C- 13 1 A aircraft 
as part of the First ISCCP (International Satellite Cloud Climatology Project) Regional Experiment (FIRE). 
In addition to the radiation measurements, we obtained microphysical and thermodynamic measurements from 
which the expected similarity parameter spectrum was calculated using accepted values of the refractive index 
of liquid water and the transmission function of water vapor. The measured absorption for this case of clean 
maritime clouds is close to, but persistently larger than, theoretical predictions. Finally, measurements are 
presented of the spectral albedo of the ocean surface under overcast conditions. 

1. Introduction 

Although the importance of clouds on the radiation 
balance of the earth is widely recognized (Ramanathan 
1987; Ramanathan et al. 1989), interactions of solar 
radiation with clouds is one of the weakest links in our 
understanding of the global climate system. It is also 
now recognized that a knowledge of cloud properties 
and their variation in space and time is crucial to studies 
of global climate change, such as trace gas greenhouse 
effects (Cess et al. 1989 ). As general circulation model 
(GCM ) simulations become more sophisticated in their 
treatment of shortwave cloud radiative properties, 
through incorporation of parameterizations in terms 
of liquid water path and cloud droplet size (Sling0 
1989), it becomes increasingly important to examine 
how well observations and theory are in agreement. 

The absorption of solar radiation by clouds is gov- 
erned by the optical thickness, single scattering albedo, 
and phase function of the cloud, as well as the albedo 
of the underlying surface and the water vapor distri- 
bution of the environment in which the cloud is lo- 
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cated. Theoretical calculations suggest that water clouds 
can absorb up to 15%-20% of the incident solar radia- 
tion, with the largest values arising from the thickest 
clouds with large cloud droplets, an overhead sun, and 
little water vapor above the cloud (Twomey 1976; 
Sling0 and Schrecker 1982; Davies et al. 1984; Stephens 
et al. 1984; Wiscombe et al. 1984; Sling0 1989). In 
addition to the total cloud absorption, calculations also 
show that heating rates near cloud top can reach 2 K 
h-‘, and thus contribute significantly to the sudden 
“burning off” of California stratus layers as the solar 
zenith angle decreases towards noon (Twomey 1983 ). 

The majority of cloud absorption observations to 
date have involved interpreting broadband pyranom- 
eter measurements acquired from research aircraft 
flown above and below clouds. All of these observations 
have involved single aircraft missions in which it is 
exceedingly difficult to obtain comparable flux obser- 
vations above and below the same cloud layer. In spite 
of these difficulties, aircraft pyranometer observations 
by Reynolds et al. ( 1975), Herman ( 1977), Stephens 
et al. (1978), Herman and Curry (1984), Hignett 
( 1987) and Foot ( 1988) have generally shown a sys- 
tematic discrepancy between measurements and the- 
ory, whereby measurements of the absorption of solar 
radiation by clouds are generally larger than theoretical 
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predictions or, alternatively, the near-infrared albedo 
measurements are generally smaller than theory. Un- 
expectedly low measurements of the reflection of solar 
radiation by clouds have also been reported by Rozen- 
berg et al. (1974), Twomey and Cocks (1982), Ste- 
phens and Platt ( 1987), and Foot ( 1988) using spectral 
reflectance measurements. 

As a consequence of these reported discrepancies 
between measurements and theory, as well as the widely 
recognized limitation of single aircraft broadband 
pyranometer observations, we were prompted to de- 
velop the diffusion domain method for determining 
the spectral absorption of solar radiation by clouds 
(King 198 I). In this method, the intensity of scattered 
radiation deep within a cloud layer is measured as a 
function of zenith angle for selected wavelengths in the 
visible and near-infrared. In the diffusion domain re- 
gion of an optically thick medium, located sufficiently 
far from the top and bottom boundaries of the medium 
(cloud), the intensity distribution is azimuthally in- 
dependent and monotonically decreasing from zenith 
to nadir, with the relative angular distribution inde- 
pendent of the solar zenith angle and a strong function 
of the similarity parameter (and hence single scattering 
albedo ) . 

The intent of this paper is to present the first aircraft 
observations of the scattered radiation field inside 
clouds, together with an analysis of the spectral simi- 
larity parameter derived from these measurements us- 
ing the diffusion domain method. The data were ob- 
tained using the multiwavelength scanning radiometer 
described by King et al. ( 1986), which flew on the 
University of Washington’s Convair C- 13 1 A aircraft 
during the marine stratocumulus intensive field obser- 
vation component of FIRE, conducted off the coast of 
San Diego, California during July 1987. The micro- 
physical structure of the clouds, including cloud droplet 
size distributions, were also monitored continuously 
with instruments aboard the aircraft. 

In this paper, we briefly review the diffusion domain 
method for deriving the cloud similarity parameter and 
present an analysis of the results obtained for a 50 km 
section of marine stratocumulus cloud on 10 July 1987. 
In addition to the observations, we will emphasize the 
quality control tests required to select those portions 
of an aircraft flight for which measurements are ob- 
tained within the diffusion domain. Finally, we will 
present a comparison of the experimentally derived 
similarity parameter spectrum with that expected 
theoretically from the cloud droplet size distribution 
measured simultaneously from the aircraft. 

2. Diffusion domain method 

properties from the angular distribution of scattered 
radiation (King 1981). Within this region, known as 
the diffusion domain, the diffuse radiation field assumes 
an asymptotic form characterized by rather simple 
properties. For a vertically homogeneous cloud layer 
at a wavelength for which the single scattering albedo 
w. < 1, the intensity in the diffusion domain is azi- 
muthally independent and given by 

Z(7, u) = s1 P( u)eekr + s2P( -u)e-k(rc-r). ( 1) 

In this expression 7 is the optical thickness measured 
from the upper boundary of the cloud, 7, the total op- 
tical thickness of the cloud, u the cosine of the zenith 
angle with respect to the positive T direction (- 1 < u 
< 1)) P( u) the diffusion pattern (eigenfunction), k the 
diffusion exponent (eigenvalue), and sl and s2 the 
strengths of the diffusion streams in the positive and 
negative 7 directions, respectively. 

Under the assumption that the cloud layer overlies 
a surface that reflects radiation according to Lambert’s 
law with a total reflectivity A,, it can be shown (King 
1981) that 

PoFo( 1 - &A* M/Jo) 
” = T[( 1 - A&*)( 1 -S2) + A,mn21e-2k’c] ’ (2) 

A,mn2 -kr, 

1 -/,,A* ‘le I ’ (3) 

where 

f = /e-k’=+ (4) 

In addition to the cosine of the solar zenith angle p. 
and the incident solar flux density FO, the magnitudes 
of the diffusion streams sI and s2 are seen to depend 
on the escape function K( ~0) as well as the asymptotic 
constants A*, m, n, and 1. 

The functions and constants that appear in ( 1 )-( 4) 
can be obtained by applying the asymptotic fitting 
method of van de Hulst ( 1968), whereby numerical 
computations from the doubling method are fit to 
known asymptotic formulae for the plane albedo and 
total transmission of thick layers. Illustrations of these 
functions and constants can be found in King ( 198 1, 
1987) and King and Harshvardhan ( 1986) for phase 
functions representative of clouds at visible and near- 
infrared wavelengths. 

Of primary significance for the determination of 
cloud absorption properties. however, is the fact that 
the relative angular distribution of scattered radiation 
is independent of the solar zenith angle and solar flux 
density and only dependent on the optical properties 
of the medium (cloud) and the total reflectivitv of the 

From a position deep within an optically thick and underlying surface. Sbbstituting (3) into ( 1 j, King 
horizontally extensive cloud layer, it is possible to de- ( 198 1) showed that the ratio of the nadir-to-zenith in- 
rive quantitative information about cloud absorption tensities within the diffusion domain is given by: 
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I(77 -1) 
(1 _ A,A*)[D _ le-2&rc-r)] + /4mn2e-2k(r,-T) 

I(T, 1) 
= ( 1 _ A&*)[1 - Dle-2k’r?)] + 4mn9e-2X-(7c-7). (5) 

The diffusion pattern ratio D, defined by: 

D = P(-l)/P( l), (6) 

represents the ratio of the nadir-to-zenith intensities 
within the diffusion domain of an infinitely thick at- 
mosphere, and is an upper limit to the intensity ratio 
that can be achieved in clouds. 

The strength of the diffusion domain method lies in 
the fact that the asymptotic constants 1, n m, D, A *, 
and k that appear in ( 5 ) are strongly dependent on wo, 
with a somewhat weaker dependence on the asymmetry 
factor g. Though one might expect each constant to 
depend on all the coefficients in the Legendre poly- 
nomial expansion of the phase function, it turns out 
that these constants can be well described by a function 
of a similarity parameter s, defined by: 

where s reduces to ( 1 - wo) I I2 for isotropic scattering 
andspanstherangeO(wo= 1)to 1 (oo=O). 

Similarity relations for the asymptotic constants that 
arise in the diffusion domain method are summarized 
in Table 1. With the exception of k/( 1 - g), these 
formulas are accurate for all asymmetry factors, as 
demonstrated by King ( 198 1). The formula for k/( 1 
- g) is strictly valid over the narrower range of asym- 
metry factors that occur in terrestrial clouds at visible 
and near-infrared wavelengths (viz., 0.8 6 g 6 0.9). A 
more general similarity relation for k/( 1 - wag) ap- 
plicable for all asymmetry factors can be found in King 
and Harshvardhan ( 1986 ) . As a consequence of these 
similarity relations, the ratio of the nadir-to-zenith in- 

TABLE 1. Similarity relations satisfied by constants that arise in 
the diffusion domain method for determining the spectral similarity 
parameter of clouds. 

,=(l -0.6813s)(l -3) 

(1 + 0.7919s) 

(I + 0.4142s)(l - s) I” 
n= 

(I + 1.8877s) 1 
M = (1 + 1.537s) In 

I + 1.800s - 7.087s’ + 4.740s’ 

(1 - 0.819s)(l -s)* 1 
D = (I - 0.9874s)( 1 - s) 

(I + 1.4761s) 

A+ = (1 - O.l464s)(l -s) 

(1 + 1.1629s) 

k/( I - g) = (1 + 0.4426s) In 
(1 + 2.8162s) 

(I + 2.0785s)(l - s) 1 
~0 single scattering alhedo 
R asymmetry factor 
s similarity parameter [(I - q,)/( I - w&l”’ 

tensities in the diffusion domain is seen to be solely a 
function of the surface reflectivity (Ag), similarity pa- 
rameter (s), and scaled optical thickness beneath the 
level of the observations [ ( 1 - g)( T, - 7 )] . 

For conservative scattering the asymptotic expres- 
sion for the internal scattered radiation field given by 
( 1) is indeterminate, since P(U) = n = 1 = 1 and m 
= k = 0. Expanding these functions to first order in s, 
King ( 198 1) has shown that ( 1) can be rewritten as: 

I(7, u) = 
POFOK( PO) 

7d3(1 -A,)(1 - s)(Tc+ ho) + 4A,l 

x {3(1 -Ag)t(l -g)(Tc-T+qo)+ ul+ 4A,)? 

(8) 

where qo is the extrapolatior ‘“ngth. The reduced ex- 
trapolation length q’ = ( 1 - A, .,. ranges between 0.709 
and 0.7 15 for all possible phase functions (van de Hulst 
1980)) but for anisotropic cloud phase functions it can 
be well approximated by 0.7 14 (King 198 1). 

As we will see in subsequent sections, Eq. (8) is an 
extremely useful relationship because it predicts that 
the angular distribution of the intensity field in the 
diffusion domain at a nonabsorbing wavelength is of 
the form Z( 7, cosr3) = a + b cos0, where 0 is the zenith 
angle (U = COST?). Furthermore, (8 ) shows that the ra- 
diation field becomes more isotropic as the optical 
thickness and surface reflectivity increase. Thus, if we 
can obtain diffusion domain measurements at a non- 
absorbing wavelength for which (8) is satisfied, it fol- 
lows that the ratio of the nadir-to-zenith intensities is 
given by: 

I(T, -1) 

I(T, 1) 

= 3(1 -Ag)I(l - g)(Tc - 7 + 90) - 11 + 4-4, 
3( 1 - Ag)[( 1 - g)(7= - 7 + qo) + l] + 4A, . 

(9) 

Since q’ x 0.7 14, this expression shows that the in- 
ternal intensity ratio for conservative scattering is re- 
duced to a function solely of A, and ( 1 - g)( 7, - 7). 
SC :ving (9) for the scaled optical thickness ~1. - r’ 
yields: 

7: - 7’ = ( 1 - g)(7< - 7) 

1(7, 1) + I(7, -1) 

= 1(7, 1) - 1(7. -1) - q’- 

4A, 

3( 1 - A,) 

(10) 

Thus. by measuring the intensities in the zenith [ I( T, 
1)l and nadir [I( T, - I )] directions with the same in- 
strumcnt. it is-straightforward to calculate the scaled 



optical thickness beneath the aircraft flight level if the 
total reflectivity of the surface is known. In this way, 
it is unnecessary to know the extraterrestrial solar flux 
density, solar zenith angle, or absolute calibration of 
the instrument precisely, as these parameters affect only 
the magnitude ofthe intensity field and not the relative 
angular distribution. 
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With ( I - g)(rC - 7) thus determined from an in- 
tensity ratio measurement at a visible (nonabsorbing) 
wavelength, the similarity parameter s can be deter- 
mined as a function of wavelength from intensity ratio 
measurements at other wavelengths where the cloud 
absorbs solar radiation. By making use of the similarity 
relations given in Table 1, together with Eq. (5), the 
intensity ratio at these wavelengths can be calculated 
as a function of s. We have made use of spline inter- 
polation to invert these calculations in order to deter- 
mine the similarity parameter that agrees best with the 
internal intensity ratio measurements. 

To relate spectral values of the similarity parameter 
to the physically important parameter wo, it is necessary 
to determine the asymmetry factor g. For a water cloud 
this can be accomplished by measuring the cloud 
droplet size distribution from the same aircraft platform 
as that from which the radiation measurements are 
made, thereby permitting g to be computed. In fact, 
for a successful implementation of the diffusion domain 
method it is necessary to allow the scaled optical thick- 
ness determined from ( 10) to vary as a function of 
wavelength. Furthermore, it is necessary to measure 
the total reflectivity of the surface as a function of 
wavelength. Finally, and of perhaps greatest impor- 
tance, it is necessary to be able to determine from the 
measurements themselves whether the conditions of 
the diffusion domain are satisfied. These practical con- 
siderations will be addressed in some detail in the fol- 
lowing sections, where we present our analysis of ob- 
servations obtained in marine stratocumulus clouds 
off the coast of San Diego during July 1987. 

FIG. 1. Cloud optical thickness as a function of wavelength for 
selected values of the effective radius. Results apply to water clouds 
having a modified gamma size distribution with an effective variance 
u,=o.111. 

diation field, it is instructive to examine the spectral 
dependence of the optical thickness, asymmetry factor, 
scaled optical thickness, and similarity parameter of 
water clouds for selected values of the effective radius. 
These results, presented in Figs. 1-4, were calculated 
from Mie theory and are based on spherical water 
droplets having the complex refractive indices tabulated 
by Hale and Querry ( 1973) for wavelengths in the range 
0.25 < X G 0.69 pm, Palmer and Williams ( 1974) for 
0.69 < X < 2.0 pm, and Downing and Williams ( 1975) 
for X > 2.0 pm. Furthermore, we have assumed that 
the cloud drop size distribution is a modified gamma 
distribution of the form (Hansen 197 1): 

n(r) = Cr” - 3uc) exp - k , 
i 1 

(13) 

withu,=O.lll. 

3. Spectral properties of cloud layers 

Hansen and Travis ( 1974) were the first to establish 
that the single scattering properties of a polydisperse 
distribution of particles are largely insensitive to the 
shape of the size distribution, depending instead on the 
effective radius re, and, to a lesser extent, a dimen- 
sionless effective variance up, defined by: 

s 

cc 
re = r3n( r)dr 

0 /J 

m 
r*n( r)dr (11) 

0 

v, = 
s 

g, (r - r,)2r2n( r)dr 
/J 

m r,2r2n( r)dr. (12) 
0 0 

In these expressions n(r) is the particle size distribution, 
which is a function of particle radius r. 

Before applying the diffusion domain method to ex- 
perimental measurements of the internal scattered ra- 

Although we have scaled the calculations to make 
the optical thickness at 0.754 pm the same for all values 
of the effective radius, Fig. 1 shows that 7, is nearly 
independent of wavelength. The optical thickness in- 
creases significantly with increasing wavelength only 
when the wavelength approaches re, as is the case in 
this figure for re = 4 pm and X L 2 pm. This is a direct 
consequence of the first peak in the Mie extinction 
efficiency factor. The asymmetry factor, scaled optical 
thickness, and similarity parameter, on the other hand, 
vary significantly with both wavelength and effective 
radius (cf. Figs. 2-4). A careful examination of Figs. 
2 and 4 reveals that at 0.5 pm, where the similarity 
parameter is nearly zero, the asymmetry factor in- 
creases with increasing radius in accord with Mie theory 
predictions for conservative scattering. The enhanced 
values of the asymmetry factor near 1.44 and 1.93 pm 
arise from the significant absorption of solar radiation 
by cloud droplets at these wavelengths (cf. Fig. 4), 
which has the effect of reducing the backscattering. 
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FIG. 2. As in Fig. I except for the asymmetry factor 
of the cloud droplets. 
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FIG. 3. As in Fig. I except for the scaled optical thickness. 
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FIG. 4. As in Fig. 1 except for the similarity parameter. 

Although the diffusion domain method, in its sim- 
plest form, requires the assumption that the cloud is 
nonabsorbing at some wavelength in the visible region 
(e.g., 0.5 pm), this assumption is necessary solely for 
the purpose of estimating the scaled optical thickness 
between the aircraft flight level and the base of the 
cloud [Eq. ( lo)]. Since this parameter becomes less 
important as the optical thickness increases and as the 
similarity parameter (absorption) increases, this as- 
sumption is expected to have little influence on the 
derived similarity parameter at wavelengths in the near- 
infrared. On the other hand, the results presented in 
Fig. 3 clearly show that 7: - 7’ varies significantly with 
wavelength and cloud droplet size. This spectral vari- 
ation must be taken into account in order to estimate 
the similarity parameter in the weakly absorbing wave- 
lengths in the vicinity of 0.5 pm. Since this spectral 
variation depends on the drop size distribution in the 
cloud, it is necessary to measure the cloud drop size 
distribution simultaneously with the measurements of 
scattered solar radiation withi,, Lhe cloud. 

4. Diffusion domain measurements 

The measurements required to implement the theory 
described above can be obtained with the cloud ab- 
sorption radiometer (CAR). This instrument, de- 
scribed in detail by King et al. ( 1986), is a 13-channel 
scanning radiometer that is mounted in the nose of 
the University of Washington’s Convair C-l 3 1 A re- 
search aircraft. The instrument scans in a vertical plane 
on the right-hand side of the aircraft from 5” before 
zenith to 5” past nadir ( 190” aperture). This permits 
observations of both the zenith and nadir intensities 
with as much as a 5” aircrafi roll, an angle that was 
measured simultaneously with a gyroscope aboard the 
aircraft. 

The first seven channels of the CAR are continuously 
and simultaneously sampled, while the eighth registered 
channel is selected from among the six channels on a 
filter wheel. With automatic sequencing the filter wheel 
rotates to a new filter position every fourth scan. Since 
the scan rate of the radiometer is 1.67 Hz, each minute 
of flight duration results in 100 measurements of the 
angular intensity field for each of the first seven chan- 
nels and typically 12 measurements for each of the six 
filter wheel channels. At our nominal aircraft speed of 
80 m s-‘, it follows that the zenith and nadir intensity 
measurements are obtained within a distance of ap- 
proximately 24 m for each scan of the radiometer. 

Figure 5 illustrates the location of the C- 13 1 A flight 
track between 0922 and 0955 PDT ( 1622 and 1655 
UTC) on 10 July 1987. We will now present and dis- 
cuss the internal scattered radiation measurements ac- 
quired by the CAR in the central 50 km of this flight 
line, denoted by the solid line in Fig. 5. These obser- 
vations, acquired between 093 1 and 094 1 PDT, were 
located approximately 355 km from the airfield on 



I APRIL 1990 KING, RADKE AND HOBBS 

PACIFIC OCEAN 

9:22 PDT 

I : 10 JULY 1967 0 15Obl 

tu.ALzd 

12;. 1220 1210 1200 1190 1190 117’ 

FIG. 5. Location of the C- 13 1 A flight track between 0922 and 0955 PDT on 10 July 1987. 
The central 50 km of this fliaht line. denoted by a solid line, is the section of marine strato- 
cumulus cloud analyzed in this study. 

Coronado Island, San Diego. They represent one of 
the aircraft missions flown during the marine strato- 
cumulus intensive field observation component of 
FIRE. A general description of FIRE and the associated 
IFOs is given by Cox et al. (1987), with a detailed 
summary of the marine stratocumulus IF0 provided 
by Albrecht et al. ( 1988 ). 

Figure 6 shows the relative intensity I( 7, cos0)/1( T, 
1) as a function of zenith angle 0 for selected wave- 
lengths of the cloud absorption radiometer. These 
measurements were obtained near 0937 PDT (29.2 km 
from the start of the CAR measurements at 0931 
PDT), with the scans at two of the filter wheel channels 
( 1.64 and 2.20 pm) coming from scans within 26 s 
(2.2 km) of the remainder of the scans. We believe 
these measurements represent the first angular intensity 
measurements of scattered radiation within a cloud. 
Aside from the quantization (digitization) noise at the 
shortest wavelengths and the instrumental (electrical) 
nose at the longest wavelengths, two main features are 
seen in Fig. 6. These are 1) the angular intensity field 
at the shortest wavelength follows very nearly the cosine 
function expected for conservative scattering in the dif- 
fusion domain [cf. Eq. ( S)] , and 2) the angular inten- 
sity field becomes increasingly anisotropic as absorp- 
tion increases. This is especially noticeable at 2.00 pm, 
the wavelength in the instrument where water has the 
greatest absorption. The experimental observations 
presented in Fig. 6 complement a comparable theo- 
retical figure (for selected values of the similarity pa- 
rameter rather than wavelength) presented in King et 
al. (1986). 

Figure 7 illustrates the zenith and nadir intensities 
as a function of distance (time) for measurements ob- 
tained inside clouds. These data, corresponding to ob- 
servations at X = 0.503 pm, show that the zenith and 
nadir intensities are quite uniform within these clouds. 

10 JULY 1987 
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FIG. 6. Relative intensity as a function of zenith angle and wave- 
length for internal scattered radiation measurements obtained with 
the cloud absorption radiometer at 0937 PDT. 
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FIG. 7. Zenith and nadir intensities as a function of distance along 
the flight track for measurements obtained inside the clouds between 
094 I and 095 1 PDT. These measurements were obtained at a wave- 
length h = 0.503 pm. 

The scan lines illustrated in Fig. 6 were obtained be- 
tween distances of 27.1 and 3 1.2 km of Fig. 7. A careful 
examination of Fig. 7 suggests that the cloud near the 
start of the flight line is too optically thin to have a 
diffusion domain, as evidenced by very low zenith and 
nadir intensity measurements. Furthermore, the mea- 
surements near 24.9 and 28.0 km, though probably in 
a cloud of sufficient optical thickness to have a diffusion 
domain, were obtained too near the cloud top, so the 
zenith measurements were contaminated by directly 
transmitted solar radiation. 

The determination of the cloud similarity parameter 
is based on making measurements of the ratio of the 
nadir-to-zenith intensities within the diffusion domain 
of an optically thick cloud. In order to determine which 
measurements presented in Fig. 7 are within the dif- 
fusion domain, we have developed a comprehensive 
set of tests to which the CAR data are subjected. 

In channel 1 (h = 0.503 pm ), where the cloud is 
expected to have a small to negligible amount of ab- 
sorption, the angular distribution of the radiation field 
obtained from measurements is compared to that ex- 
pected in the diffusion domain for conservative scat- 
tering [viz., 1(7, cos8) = a + b cos0]. In particular, 
the measured intensities in the zenith [I( 7, 1 )] and 
nadir [ I( T, - 1 )] directions are obtained (e.g., Fig. 7), 
from which the theoretical function 1(7, cos8) = a 

+ b cost? is constructed, where 

a = ; [1(T, 1) + 1(7, -l)], (14) 

b =; [I(T, 1) - I(T, -l)]. (15) 

The individual measurements in the range 0” G 0 
< 180” are then compared with this curve, as illustrated 

in Fig. 8 for both a satisfactory (Fig. 8a) and unsatis- 
factory (Fig. 8b) scan. Superimposed on the measure- 
ments (continuous curve) is the theoretical cosine 
function (dashed curve) necessary for the measure- 
ments to be within the diffusion domain. To highlight 
the similarities and differences between these two re- 
sults, the lower portion of Fig. 8 shows the deviations 
between measurements and theory as a function of 
zenith angle. These latter results apply to the right- 
hand scale. Measurements from an individual scan of 
the CAR are considered to be in the diffusion domain 
if all of the following quality control tests are satisfied: 

(i) The zenith intensity exceeds the nadir intensity. 
(ii) The maximum deviation from the theoretical 

(cosine) curve is less than or equal to 5% of the mean 
amplitude. 

(iii) The sample standard deviation around the 
theoretical curve is either 1) less than or equal to 1.25%, 
or 2) between 1.25% and 2.5%, and the number of 
times the deviations ci = I( :osd,) - u - b cOsei 
change sign is greater than or equal to 4. This test as- 
sures that the fluctuations of the data around the theo- 
retically expected cosine curve have random fluctua- 
tions, rather than large systematic drifts (as in Fig. 8b). 

An individual scan line of data is only subjected to 
these quality control tests if the aircraft roll is less than 
or equal to 5”, thereby enabling both the zenith and 
nadir intensities to be measured. 

On 10 July 1987 our tests showed that a staggering 
3 133 scans (over a period of 3 1.3 min and a flight path 
of 155 km) met these criteria and were therefore suit- 
able for derivation of the similarity parameter of clouds 
using the diffusion domain method. 

5. Results from observations on 10 July 1987 

Once the portions of a flight containing diffusion 
domain measurements have been identified, it is rather 
straightforward to analyze the measurements to derive 
the spectral similarity parameter of clouds using the 
diffusion domain method. This analysis requires an- 
cillary information on the spectral surface reflectivity, 
which we derived from 96 scans ( - 1 min) of the CAR 
obtained beneath the stratocumulus cloud layer at 1145 
PDT. We assumed the transmitted intensity field was 
azimuthally independent, as predicted by theory for 
optically thick clouds, and integrated the CAR mea- 
surements over zenith angle to obtain estimates of the 
spectral fluxes in the upward and downward hemi- 
spheres. Table 2 summarizes the spectral surface re- 
flectivities and corresponding standard deviations ob- 
tained from this analysis for all 13 channels of the CAR. 
These measurements represent, to the best of our 
knowledge, the first spectral reflectivity measurements 
of the ocean surface under cloudy conditions. Our 
measurements in the energetic portion of the visible 
spectrum are -0.066. decreasing to -0.040 at 2.30 
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FIG. 8. Intensity as a function of zenith angle for two scans of the cloud absorption radiometer. Superimposed on the measurements 
(continuous curve) is the theoretical cosine function (dashed curve) necessary for the measurements to be within the diffusion domain. 
The right-hand scale applies to the deviations between measurements and theory, illustrated in the lower portion of each panel. The scan 
on the left (a) satisfies all conditions of the diffusion domain criteria (dashed and continuous curves coincide), whereas the scan on the 
right (b) fails to satisfy these criteria. All measurements were made at X = 0.503 pm. 

pm, in close agreement with the broadband shortwave 
ocean reflectivity measurements of 0.06 1, reported by 
Payne (1972). 

In addition to the spectral cloud radiation measure- 
ments discussed above, the University of Washington’s 
C- 13 1 A research aircraft contained broadband short- 
wave upward- and downward-looking pyranometers, 
cloud microphysics probes, an air batch sampler for 
measuring the size distribution of cloud interstitial 

aerosol, and a counterflow virtual impactor for mea- 
suring the light absorbing material within the cloud 
droplets. Detailed descriptions of these instruments can 
be found in Coulson ( 1975)) Knollenberg ( 198 I), 
Radke ( 1983), and Noone et al. ( 1988), respectively. 

Figure 9 illustrates the average cloud droplet size 
distribution measured during the time period of the 
cloud absorption radiometer measurements presented 
in Fig. 7. These measurements were obtained using 

TABLE 2. Ocean reflectivity (As), asymmetry factor(g), and optical thickness (TV - T) 
for the marine stratocumulus cloud of 10 July 1987. 

Optical Wavelength 
channel W-4 

Ocean 
reflectivity Asymmetry factor Optical thickness 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
II 
12 
13 

0.503 
0.673 
0.744 
0.866 
1.031 
1.198 
I .247 
1.547 
1.640 
1.722 
1.996 
2.200 
2.289 

0.0742 + 0.0079 0.8579 12.63 f 2.09 
0.0606 + 0.0076 0.8517 12.78 2 2.11 
0.0634 t 0.0078 0.8494 12.85 f 2.12 
0.0608 + 0.0078 0.8454 12.94 + 2.14 
0.0555 * 0.0079 0.8398 13.07 iz 2.16 
0.0500 f 0.0082 0.835 I 13.18 -+ 2.18 
0.0542 -t 0.0085 0.833 I 13.18 f 2.18 
0.0432 + 0.015 I 0.8288 13.5 I t 2.27 
0.0426 t 0.0086 0.8246 13.52 f 2.28 
0.0389 + 0.0045 0.8202 13.37 + 2.26 
0.0440 + 0.0165 0.8205 13.94 f 2.1 I 
0.0404 + 0.0120 0.8093 13.84 f 2.40 
0.0804 f 0.0097 0.8078 13.99 k 2.25 
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FIG. 9. Average cloud droplet size distribution for the 50 km section 
of marine stratocumulus clouds on 10 July 1987. The data points 
represent measurements made with a PMS FSSP-100 (solid squares), 
PMS OAP-200X cloud probe (open squares), and a PMS OAP-2OOY 
precipitation probe (solid circles). 

three different PMS cloud physics probes, the FSSP- 
100 (solid squares), OAP-200X cloud probe (open 
squares), and OAP-200Y precipitation probe ( solid 
circles). This droplet size distribution has a noticeable 
drizzle mode at a radius of around. 100 pm, a charac- 
teristic that was frequently observed during the FIRE 
marine stratocumulus IF0 ( Albrecht 1989; Radke et 
al. 1989). The effective radius (r,) computed from this 
distribution is 7.15 pm. 

Before applying the diffusion domain method to the 
experimental observations presented in Fig. 7, it was 
first necessary to calculate the relative optical thickness, 
asymmetry factor, single scattering albedo, and simi- 
larity parameter of water clouds as a function of wave- 
length for the cloud layer having the measured cloud 
droplet size distribution of Fig. 9. Unlike the results 
presented in Figs. l-4, these computations required a 
blend of Mie theory for size parameters (2?rr/ X) less 
that 100 and complex angular momentum (CAM) 
theory (Nussenzveig and Wiscombe 1980) for size pa- 
rameters greater than 100. The use of CAM theory was 
necessitated by the fact that the measured droplet size 
distribution contained an appreciable number ofdrizzle 
droplets having radii much greater than typically in- 
cluded in the modified gamma distribution, radii that 
would otherwise be prohibitively expensive to include 
in Mie theory computations. Furthermore. these cal- 
culations were performed using a logarithmic, rather 

than linear, integration over the size distribution. The 
asymmetry factor derived from the measured size dis- 
tribution is summarized in Table 2 for all wavelengths 
of the CAR. 

The scaled optical thickness between the aircraft 
flight level and the base of the clouds was derived by 
applying Eq. ( 10) to all scan lines of Fig. 7 that satisfied 
the diffusion domain criteria. Figure 10 illustrates the 
optical thickness ‘TV - 7 as a function of distance, where 
we converted scaled optical thickness to optical thick- 
ness using the asymmetry factor g = 0.8579 applicable 
to this wavelength ( X = 0.503 pm). Of the 1000 scan 
lines presented in Fig. 7, 6 11 passed the restrictive se- 
lection criteria discussed in section 4. Among those 
measurements excluded from our analysis were the 
optically thin scans at the beginning of the time series 
and the measurements that were contaminated by the 
sun (at distances of 24.9 and 28.0 km). As expected, 
the measurements between 11.5 and 19.4 km that had 
a relatively low zenith intensity and relatively high na- 
dir intensity correspond to a region of large optical 
thickness beneath the aircraft. Table 2 summarizes the 
mean and standard deviation of the optical thickness 
obtained from this analysis for channel 1, together with 
corresponding results at the other channels obtained 
by applying the relative optical thickness predicted 
from calculations using the measured cloud droplet 
size distribution. 

Given the surface reflectivity and optical thickness 
(or scaled optical thickness) of an individual scan at a 
specified wavelength, the intensity ratio I( 7, - 1 )/I( 7, 
1) is reduced solely to a function of similarity parameter 
s. Utilizing Eq. (5), together with the similarity rela- 
tions of Table 1, we were thus able to calculate the 
intensity ratio as a function of similarity parameter 
and match this functional relationship with the mea- 
sured intensity ratio to derive a value of the similarity 
parameter for a given measurement and wavelength. 

25 

0’ 
0 10 20 30 

DISTANCE (km) 

40 50 

FIG. 10. Optical thickness beneath the aircraft for all measurements 
of Fig. 7 that satisfy the diffusion domain criteria. These rcsuhs were 
dcrivcd from mrasuremcnts at X = 0.503 pm. 
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FIG. I I. Similarity parameter as a function of distance for four 
wavelengths of the cloud absorption radiometer. 

Figure 11 illustrates the similarity parameter as a 
function of distance for four wavelengths of the CAR 
determined in this manner. The tendency for the sim- 

ilarity parameter to decrease with increasing distance, 
especially noticeable at 1.64 and 2.20 pm, is due to a 
modest decrease in the effective radius of the cloud 
droplets over this distance and not to a decrease in the 
imaginary part of the complex refractive index of the 
cloud droplets themselves. Due to the use of a filter 
wheel to measure the intensity field in channels 8-l 3, 
diffusion domain measurements were obtained in this 
time interval for between 7 1 and 87 scans, depending 
on filter position, in contrast to 6 11 for the first seven 
simultaneously sampled channels. 

Figure 12 illustrates the mean and standard deviation 
of the spectral similarity parameter for all thirteen 
channels of the CAR obtained from aircraft measure- 
ments on 10 July 1987. Although the conversion from 
s to o. is not unique, due to the moderate spectral 
variation of g, we have provided a single scattering 
albedo scale in this figure as a matter of convenience. 
This scale, shown on the right-hand side of Fig. 12, is 
strictly applicable at X = 0.754 pm. Based on profile 
ascents and descents following these measurements, 
the stratocumulus cloud layer was determined to be 
440 m thick with a cloud base at 490 m. 

1 .o I o “‘I”” 1 “‘I 1 ” ” 
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FIG. 12. Calculations of the similarity parameter as a function of wavelength for water droplets alone (solid line) and drops plus vapor 
(dashed line) for the cloud droplet size distribution and water vapor conditions of the marine stratocumulus cloud of 10 July 1987. The 
single scattering albedo scale is valid at X = 0.754 pm, where the cloud asymmetry factor g = 0.848. The measurements derived from the 
cloud absorption radiometer (solid circles with error bars) are averages of the similarity parameter derived by applying the diffusion domain 
method to the 50 km section of this cloud. 
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In addition to the experimental results obtained us- 
ing the CAR, Fig. 12 illustrates calculations of the sim- 
ilarity parameter as a function of wavelength for a cloud 
composed of water droplets only (solid curve) and 
droplets plus saturated vapor at 10.3”C (dashed curve). 
The water droplet computations were again based on 
a combination of Mie theory and complex angular 
momentum theory applied to the measured cloud 
droplet size distribution of Fig. 9. The water vapor 
computations, on the other hand, were based on as- 
suming the cloud to be composed of saturated vapor 
and applying the necessary pressure and temperature 
scaling to obtain an equivalent absorber amount (w 
= 0.41 g cm-2). The water vapor transmission func- 
tions were then computed for this cloud layer at a res- 
olution of 20 cm-’ using LOWTRAN 5 (Kneizys et 
al. 1980). The absorption optical depths thus obtained 
were combined with the corresponding optical prop- 
erties for cloud droplets, where we further assumed 
that the total cloud optical thickness T, = 16 at a wave- 
length of 0.754 pm. 

These results show that, in this case, the measured 
absorption of solar radiation by clouds is close to, but 
persistently larger than, theoretical calculations. Fur- 
thermore, these findings support the view that clouds 
absorb more and reflect less solar radiation than theo- 
retical predictions. Comparing Figs. 4 and 12 we see 
that a somewhat better agreement between measure- 
ments and theory could be achieved for X 6 1.722 pm 
by postulating an effective radius - 45% larger than 
that of the cloud droplet size distribution than was ob- 
served. However, this would result in less absorption 
than theory for longer wavelengths, where the agree- 
ment is already quite remarkable. For example, the 
measured similarity parameter at 2.20 pm is consistent 
with an I, of 7.36 pm, a value that is only 3% larger 
than the observed value of 7.15 pm. Thus we are unable 
to bring theory and measurements into complete 

agreement by simply postulating an error in the mea- 
surement of re, as this would improve the agreement 
in some parts of the spectrum and worsen the agree- 
ment in other parts of the spectrum. 

Table 3 summarizes the spectral similarity parameter 
(and corresponding single scattering albedo) for all 13 
wavelengths of the CAR, together with theoretical cal- 
culations for the measured droplet size distribution for 
this day. Based on these results we are forced to con- 
clude that our observations provide additional evidence 
for the existence of “anomalous absorption,” as dis- 
cussed by Stephens et al. ( 1978), Twomey and Cocks 
(1982), Foot (1988), and Stephens and Tsay (1989), 
but that our observations of excess absorption are small 
in the marine stratocumulus cloud that we sampled 
on 10 July 1987. 

Twomey ( 1977) suggested that anomalous absorp- 
tion might be due to contamination of cloud droplets 
by pollutants. On 7-10 July 1987, the large-scale syn- 
optic situation was unfavorable for the transport of 
continental pollution to the region of our observations. 
The low-level flow over the eastern Pacific Ocean was 
dominated by an unusually strong ( 100.5 kPa) thermal 
trough of low pressure over the interior of California, 
and a moderate ( 103 kPa) semipermanent, high-pres- 
sure area was centered -3000 km to the west of the 
region where our measurements were made. This pres- 
sure pattern produced strong northwesterIy winds at 
the surface with an onshore component along the West 
Coast of the United States. A detailed air parcel tra- 
jectory analysis was carried out using horizontal and 
vertical winds from the European Centre for Medium- 
Range Weather Forecasts’ gridded hemispheric dataset. 
Back trajectories for air parcels above (85.0 kPa), 
within (90.0 kPa) and below (96.0 kPa) the cloud layer 
we sampled all ran rapidly north, well clear of the Cal- 
ifornia coast, and then, from a point off the northern 
Oregon coast, they turned WSW into the central Pacific 

TABLE 3. Measured and theoretical values of the spectral similarity parameter and single scattering albedo 
of the marine stratocumulus cloud of IO July 1987. 

Optical Wavelength 
channel (rm) 

2 
3 
4 
5 
6 
7 
8 
9 

IO 
11 
12 
13 

0.503 0.0005 f 0.0029 0.0009 I .ooooO ” o.ooooo I .ooooO* 
0.673 0.0359 r 0.0125 0.0044 0.9998 1 2 0.000 I3 1 .oOOOO* 
0.144 0.0456 + 0.0104 0.0259 
0.866 0.0449 * 0.0104 0.0146 
1.03 1 0.0606 + 0.0101 0.0326 
1.198 0.1154 * 0.0100 0.0738 
1.247 0.0979 + 0.0092 0.0684 
1.547 0.2523 + 0.0 I27 0.2062 
1.640 0.1937 k 0.01 I I 0.1527 
I.722 0.1957 * 0.0109 0.1947 
1.996 0.38 IO k 0.0574 0.4822 
2.200 0.2772 * 0.02 I7 0.263 1 
2.289 0.2444 k 0.0284 0.2780 

Similarity parameter Single scattering albedo 

Measurements. Theory Measurements Theory 

0.99969 f 0.000 14 0.99990 
0.99969 f 0.00014 0.9999-1 
0.9994 1 f 0.00020 0.99983 
0.99778 + 0.00039 0.999 10 
0.99839 f 0.00030 0.99922 
0.98850 f 0.00 123 0.99246 
0.9932 I f 0.00080 0.99583 
0.99290 k 0.00082 0.99297 
0.97042 2 0.01012 0.94842 
0.98438 + 0.00261 0.98602 
0.98794 zk 0.00294 0.98415 

* Rounded to six significant figures, not exact. 
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Ocean. At the highest pressure level we calculated (70.0 
kPa). the initial transport was rather slow but it fol- 
lowed a similar path. 

On a smaller scale, a Catalina eddy (Bosart 1983) 
dominated the circulation along the Southern Califor- 
nia coast and this created a potential for transporting 
pollution from the land to the region of our observa- 
tions. However, aerosol measurements made aboard 
the C-l 31A aircraft indicated rather clean maritime 
air. Beneath the cloud deck, the volume scattering coef- 
ficient due to dry particles was -2 X 10m6 m-’ and 
the Aitken nucleus concentrations were 200-300 cmm3. 
Above the clouds, the same clean conditions prevailed 
for 100-200 m, followed by a layer of modest pollution 
about 100-200 m thick and then clean air again above 
that level. Measurements with a counterflow virtual 
impactor (CVI) were also made aboard the aircraft. 
Throughout the FIRE project we detected only small 
quantities of soot (3-88 ng of soot per gram of cloud 
water). Unfortunately, measurements with the CVI 
were not obtained on 10 July, but on 7 July, in a similar 
meteorological regime to that on 10 July, we measured 
the lowest values during FIRE (3 ng of soot per g of 
cloud water). Cloud interstitial measurements of ab- 
sorption by soot, obtained using the integrating plate 
technique (Weiss and Waggoner 1984; Radke 1983), 
were below detection limits (-2 X lo-’ m-‘) on 10 
July and on all the other days on which measurements 
were obtained during FIRE, some of which included 
days with a modest continental influence. Twohy et al. 
( 1989) calculated that the absorption of solar radiation 
by these concentrations of soot should be negligible. 

Hence, on 10 July 1987, when our measurements 
showed small but detectable levels of anomalous ab- 
sorption by marine stratocumulus clouds off the coast 
of Southern California, neither the air nor the cloud 
water should have been appreciably affected by either 
natural or anthropogenic sources of particles or gases 
from the North American mainland. 

6. Summary and conclusions 

In this paper we have presented results of the first 
experimental application of the diffusion domain 
method to the determination of the spectral similarity 
parameter, and hence the single scattering albedo, of 
clouds. In this method, airborne measurements of the 
relative angular distribution of scattered radiation are 
compared to known asymptotic expressions for the in- 
tensity field deep within an optically thick cloud layer. 
Analytic expressions relating the ratio of the nadir-to- 
zenith intensities to surface reflectivity (A,), similarity 
parameter (s), and scaled optical thickness beneath 
the aircraft flight level [ ( 1 - g)( 7, - 7)] have been 
used to analyze measurements obtained with a mul- 
tiwavelength scanning radiometer (Ring et al. 1986) 
mounted in the nose of the University of Washington 
C- 13 IA research aircraft. 

The principal assumption on which the diffusion 
domain method is based is that the cloud is nonab- 
sorbing at some wavelength in the visible region. This 
assumption permits the scaled optical thickness be- 
tween the aircraft flight level and the base of the cloud 
to be derived using the asymptotic expression for the 
internal intensity ratio deep within an optically thick, 
conservatively scattering, atmosphere, thereby making 
it unnecessary to have ancillary measurements or an 
absolute calibration of the radiometer. Figure IO shows 
an example of the optical thickness beneath the aircraft 
derived in this manner for a 50 km section of marine 
stratocumulus cloud some 355 km off the coast of San 
Diego on 10 July 1987, where the conversion from 
scaled optical thickness to optical thickness was based 
on the asymmetry factor calculated from the measured 
cloud droplet size distribution (cf. Fig. 9 ) . 

To apply the diffusion domain method to experi- 
mental observations, it is necessary to determine 
whether the observations are made far enough from 
the top and bottom boundaries of a sufficiently thick 
cloud to be within the diffusion domain, defined as a 
region where the diffuse radiation field assumes an 
asymptotic form characterized by rather simple prop- 
erties. This may be accomplished by comparing the 
measured intensity as a function of zenith angle with 
that expected from theory for a nonabsorbing or weakly 
absorbing wavelength. Figure 8 provides an illustration 
of the use of the complete angular distribution of scat- 
tered radiation to determine the measurements within 
the diffusion domain. This figure provides an example 
of both a satisfactory (Fig. 8a) and unsatisfactory (Fig. 
8b) scan, where the latter measurements were obtained 
too high in the cloud and were thus influenced by the 
solar aureole maximum away from the zenith. 

The measurements presented in this article were ob- 
tained in a layer of clean marine stratocumulus clouds 
approximately 440 m thick and over 150 km in hori- 
zontal extent. The spectral reflectivity of the underlying 
ocean surface was determined from aircraft measure- 
ments with the CAR beneath the cloud layer. Having 
determined the scans that contain diffusion domain 
measurements, and having derived the spectral surface 
reflectivity as well as the scaled optical thickness be- 
neath the aircraft, the similarity parameter was derived 
at the remaining twelve channels of the radiometer. 
This analysis required the variation of the scaled optical 
thickness with wavelength to be taken into account, 
and was accomplished by using the relative variation 
of scaled optical thickness derived from calculations 
using the measured cloud droplet size distribution. 

Once the spectral variation of ‘4, and ( 1 - g)( TV 
- 7) was included in our analysis, the spectral similarity 
parameter was determined, as demonstrated in Fig. 12 
and summarized in Table 3. The theoretical calcula- 
tions presented in Fig. 12 were based on a 440 m thick 
cloud composed of saturated vapor at 10.3”C and water 
droplets having the measured cloud droplet size dis- 
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